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Description
TECHNICAL FIELD

[0001] The present application relates generally to a network node and a wireless communication device for operation
in a wireless communication system, and more particularly to the network node signaling to the wireless communication
device which precoders in a codebook are restricted from being used.

BACKGROUND

[0002] The use of multiple antennas at the transmitter and/or the receiver of a wireless communication system can
significantly boost the capacity and coverage of a wireless communication system. Such MIMO systems can exploit the
spatial dimension of the communication channel. For example, several information-carrying signals can be sentin parallel
using the transmit antennas and still be separated by signal processing at the receiver. By adapting the transmission to
the current channel conditions, significant additional gains can be achieved. One form of adaptation is to dynamically,
from one TTI to another, adjust the number of simultaneously transmitted information streams carrying signals to what
the channel can support. This is commonly referred to as (transmission) rank adaptation. Precoding is another form of
adaptation where the phases and amplitudes of the aforementioned signals are adjusted to better fit the current channel
properties. The signals form a vector-valued signal and the adjustment can be thought of as multiplication by a precoder
matrix. A common approach is to select the precoder matrix from a finite and indexed set, a so-called codebook. Such
codebook-based precoding is an integral part of the LTE standard, as well as in many other wireless communication
standards.

[0003] Codebook based precoding can be regarded as a form of channel quantization. A typical approach (c.f. LTE
and MIMO HSDPA) is to let the receiver recommend a suitable precoder matrix to the transmitter by signaling the
precoder matrix indicator (PMI) over a feedback link. To limit signaling overhead, it is generally important to keep the
codebook size as small as possible if the feedback link has a limited capacity. This however needs to be balanced
against the performance impact since with a larger codebook it is possible to better match the current channel conditions.
[0004] For example, in the LTE downlink, the user equipment (UE) reports the precoding matrix indicator (PMI) to the
eNodeB either periodically on the physical uplink control channel (PUCCH) or aperiodic on the physical uplink shared
channel (PUSCH). The former is a rather narrow bit pipe (e.g., using a few bits) where channel state information (CSI)
feedback is reported in a semi-statically configured and periodic fashion. CSI feedback in this regard includes one or
more channel quality indicators (CQls), PMIs, and/or a transmission rank (e.g., indicating a number of transmission
layers). On the other hand, reporting on PUSCH is dynamically triggered as part of the uplink grant. Thus, the eNodeB
can schedule CSI transmissions in a dynamic fashion. In contrast to the PUCCH where the number of physical bits is
currently limited to 20, the reports on PUSCH can be considerably larger. Thus, for feedback on PUCCH a small codebook
size is desirable to keep the signaling overhead down. However, for feedback on PUSCH a larger codebook size is
desirable to increase performance, since the capacity on the feedback channel is not as limited in this case.

[0005] The desired size of the codebook may also depend on the transmission scheme used. For example, a codebook
used in multi-user multiple input multiple output (MU-MIMO) operation could benefit more from having a larger number
of elements than a codebook used in single-user multiple input multiple output (SU-MIMO) operation. In the former case,
a large spatial resolution is important to allow for sufficient UE separation.

[0006] A convenient way to support different codebook sizes is to use a large codebook with many elements by default
and apply codebook subset restriction in the scenarios where a smaller codebook is beneficial. With codebook subset
restriction, a subset of the precoders in the codebook is restricted so that the UE has a smaller set of possible precoders
to choose from. This effectively reduces the size of the codebook implying that the search for the best PMI can be done
on the smaller unrestricted set of precoders, thereby also reducing the UE computational requirements for this particular
search.

[0007] Typically, the eNodeB would signal the codebook subset restriction to the UE by means of a bitmap in an a
dedicated message part of the Antennalnfo information element (see the RRC specification, TS 36.331), one bit for each
precoder in the codebook, where a 1 would indicate that the precoder is restricted (meaning that the UE is not allowed
to choose and report said precoder). Thus, for a codebook with N elements, a bitmap of length N would be used to signal
the codebook subset restriction. This allows for full flexibility for the eNodeB to restrict every possible subset of the
codebook. There are thus 2N possible codebook subset restriction configurations.

[0008] For large antenna arrays with many antenna elements, the effective beams become narrow and a codebook
containing many precoders is required for the intended coverage area. Furthermore, for two-dimensional antenna arrays,
the codebook size increases quadratically since the precoders in the codebook need to span two dimensions, typically
the horizontal and vertical domain. Thus, the codebook size (i.e. the total number of possible precoding matrices W)
can be very large. Signaling a codebook subset restriction in the conventional way by means of a bitmap with one bit
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for every precoder can thus impose a large overhead, especially if the codebook subset restriction (CSR) is frequently
updated or if there are many users served by the cell which each has to receive the CSR.

[0009] US 2013/163687 A1 discloses a method and a device for processing codebook subset restriction. US
2014/016549 A1 discloses a user equipment that performs a method of codebook sampling in a wireless network having
two-dimensional antenna systems.

SUMMARY

[0010] The invention is defined by the independent claims. Preferred embodiments of the invention are stipulated in
the dependent claims. While several embodiments and/or examples have been disclosed in the description, the subject
matter for which protection is sought is strictly and solely limited to those embodiments and/or examples encompassed
by the scope of the appended claims. Embodiments and/or examples mentioned in the description that do not fall under
the scope of the claims are useful for understanding the invention.

[0011] One or more embodiments herein include a method implemented by a network node for signaling to a wireless
communication device which precoders in a codebook are restricted from being used. The method comprises generating
codebook subset restriction signaling that, for each of one or more groups of precoders, jointly restricts the precoders
in the group by restricting a certain component that the precoders in the group have in common. The method further
comprises sending the generated signaling from the network node to the wireless communication device.

[0012] Embodiments herein also correspondingly include a method implemented by a wireless communication device
for decoding signaling from a network node indicating which precoders in a codebook are restricted from being used.
The method comprises receiving codebook subset restriction signaling that, for each of one or more groups of precoders,
jointly restricts the precoders in the group by restricting a certain component that the precoders in the group have in
common. The method further comprises decoding the received signaling as jointly restricting precoders in each of the
one or more groups of precoders.

[0013] In some embodiments, the codebook subset restriction signaling is rank-agnostic signaling that jointly restricts
the precoders in a group without regard to the precoders’ transmission rank.

[0014] Insomeembodiments, the certain component comprises a beam precoder. In some embodiments, for example,
a beam precoder is a Kronecker product of different beamforming vectors associated with different dimensions of a
multi-dimensional antenna array. In this case, the different beamforming vectors may comprise Discrete Fourier Trans-
form (DFT) vectors.

[0015] In other embodiments where the certain component comprises a beam precoder, a beam precoder is a beam-
forming vector used to transmit on a particular layer of a multi-layer transmission. Different scaled versions of that
beamforming vector are transmitted on different polarizations.

[0016] In still other such embodiments, a beam precoder is a beamforming vector used to transmit on: multiple different
layers of a multi-layer transmission; multiple different layers of a multi-layer transmission, wherein the layers are sent
on orthogonal polarizations; or a particular layer and on a particular polarization.

[0017] In some embodiments, a precoder comprising one or more beam precoders is restricted if at least one of its
one or more beam precoders is restricted.

[0018] In any of these embodiments, the codebook subset restriction signaling may comprise a bitmap, with different
bits in the bitmap respectively dedicated to indicating whether or not different beam precoders are restricted from being
used.

[0019] Alternatively or additionally, a beam precoder may be a Kronecker product of first and second beamforming
vectors with first and second indices. In this case, the first and second beamforming vectors may be associated with
different dimensions of a multi-dimensional antenna array, and the codebook subset restriction signaling may jointly
restrict the precoders in a group of precoders that have the same pair of values for the first and second indices.
[0020] Insome embodiments, each precoder comprises one or more beam precoders. In some of these embodiments,
each beam precoder comprises multiple different components corresponding to different dimensions of a multi-dimen-
sional antenna array. The certain component in this case may comprise a component of a beam precoder.

[0021] In some embodiments, the codebook subset restriction signaling jointly restricts the precoders in a group of
precoders that transmit at least in part towards a certain angular pointing direction, by restricting a certain component
which has that angular pointing direction.

[0022] Embodiments herein also include another method implemented by a network node for signaling to a wireless
communication device which precoders in a codebook are restricted from being used. The method comprises a number
of steps for each of one or more groups of precoders in the codebook. These steps include identifying one or more
reference configurations for the group. Each reference configuration is one of different possible configurations that restrict
different subgroups of precoders in the group from being used. The steps also include identifying, from the different
possible configurations for the group, an actual configuration to be signaled for the group. The steps also include
generating signaling to indicate the actual configuration for the group, by generating the signaling as a bit pattern whose
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length depends on (i) whether the actual configuration matches one of the one or more reference configurations and/or
(ii) which reference configuration the actual configuration matches. The method further comprises sending the generated
signaling to the wireless communication device.

[0023] Embodiments herein further include another corresponding method implemented by a wireless communication
device for decoding signaling from a network node indicating which precoders in a codebook are restricted from being
used. The method includes receiving signaling from the network node. The method also entails a number of steps for
each of one or more groups of precoders in the codebook. These steps include identifying one or more reference
configurations for the group. Each reference configuration is one of different possible configurations that restrict different
subgroups of precoders in the group from being used. The steps further include identifying a bit pattern defined for
signaling each reference configuration, and a length of that bit pattern. The steps also include detecting an actual
configuration signaled for the group, by detecting in the signaling a bit pattern whose length depends on (i) whether the
actual configuration matches one of the one or more reference configurations and/or (ii) which reference configuration
the actual configuration matches.

[0024] In some embodiments, the signaling is a short bit pattern when the actual configuration matches any one of
the one or more reference configurations and is a long bit pattern when the actual configuration does not match any of
the one or more reference configurations. A long bit pattern has more bits than a short bit pattern. In this case, the one
or more reference configurations for at least one of the one or more groups may comprise a single reference configuration,
and different long bit patterns may be respectively defined for signaling different configurations other than the single
reference configuration. Alternatively or additionally, a long bit pattern defined for signaling the actual configuration for
the group may comprise: (i) a non-reference bit pattern defined for signaling that the actual configuration does not match
a reference configuration for the group; and (ii) a bitmap comprising different bits respectively dedicated to indicating
whether different precoders in the group are restricted from being used.

[0025] In some embodiments, the one or more reference configurations for at least one of the one or more groups
comprise multiple reference configurations. In this case, when the actual configuration matches a particular one of the
multiple reference configurations, the signaling is a bit pattern whose length is shorter than that of a bit pattern generated
when the actual configuration matches a different one of the multiple reference configurations.

[0026] In some embodiments, the one or more reference configurations for a group each have an actual or assumed
higher probability of being signaled than any other possible configuration that is not one of the one or more reference
configurations.

[0027] In some embodiments, the method is performed for multiple different groups that respectively include different
portions of the precoders in the codebook. In this case, the signaling indicates the actual configurations for the groups
in a defined order. The one or more reference configurations for each group comprises a single reference configuration,
and the single reference configuration for any given group is the actual configuration, if any, signaled immediately before
that of the given group.

[0028] In some embodiments, the codebook is a Kronecker codebook defined for a multi-dimensional antenna array
and comprises different precoders indexed by different possible values of a single index parameter. In this case, the
different possible values of the single index parameter are divided into different clusters of consecutively ordered values,
and precoders in different ones of the one ormore groups are respectively indexed by the different clusters of consecutively
ordered values.

[0029] In some embodiments, the codebook is a Kronecker codebook defined for a multi-dimensional antenna array
and comprises different precoders indexed by different pairs of possible values for a first-dimension index parameter
and a second-dimension index parameter. In this case, precoders in each of the one or more groups are indexed by
pairs that have the same value for either the first-dimension index parameter or the second-dimension index parameter.
[0030] Embodiments herein further include corresponding apparatus and computer program products.

[0031] In atleast some embodiments, signaling a codebook subset restriction in this way advantageously lowers the
signaling overhead imposed by transmitting the codebook subset restriction, while still allowing for flexibility in configuring
different codebook subset restrictions.

[0032] Embodiments herein therefore generally include methods to reduce the number of bits required for signaling
a codebook subset restriction configuration to a wireless communication device. The methods in one or more of these
embodiments do so by:

Utilizing an explicit or implicit assumption about which sets of precoders are more likely to be restricted, and/or associating
a group of precoders with a single codebook subset restriction bit.

BRIEF DESCRIPTION OF THE DRAWINGS
[0033]

Figure 1 is a logic flow diagram indicating codebook subset restriction (CSR) signaling between a network node
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and a wireless communication device according to one or more embodiments.

Figure 2 is a logic flow diagram of a method implemented by a network node for signaling to a wireless communication
device which precoders in a codebook are restricted from being used, according to some embodiments.

Figure 3 is a block diagram of a two-dimensional antenna array of cross-polarized antenna elements according to
some embodiments.

Figure 4 is a graph illustrating the angular pointing directions of precoders in a codebook according to some em-
bodiments.

Figure 5 is a logic flow diagram of a method implemented by a network node for signaling to a wireless communication
device which precoders in a codebook are restricted from being used, according to other embodiments.

Figure 6 is a block diagram of an exemplary codebook according to some embodiments.

Figure 7 is a graph illustrating the angular pointing directions of precoders in a codebook according to other em-
bodiments.

Figure 8 is a block diagram of precoder groupings according to some embodiments.

Figure 9 is a logic flow diagram of a method implemented by a wireless communication device for decoding signaling
from a network node indicating which precoders in a codebook are restricted from being used, according to some
embodiments.

Figure 10is alogic flow diagram of a method implemented by a wireless communication device for decoding signaling
from a network node indicating which precoders in a codebook are restricted from being used, according to other
embodiments.

Figure 11 is a block diagram of a network node according to some embodiments.

Figure 12 is a block diagram of a network node according to other embodiments.

Figure 13 is a block diagram of a wireless communication device according to some embodiments.

Figure 14 is a block diagram of a wireless communication device according to other embodiments.

DETAILED DESCRIPTION

[0034] According to the flowchart of Figure 1, a network node 10 in a wireless communication network (e.g., an eNB
in the network) signals a codebook subset restriction (CSR) configuration 12 to a wireless communication device 14
(e.g., a UE). The device 14 then sends a channel state information (CSI) report 16 back to the network. This CSI report
16 suggests which of different possible precoders in a codebook the network should use for transmitting to the device
14, but the CSI report 16 is restricted in the sense that there is a subset of precoders that cannot be reported by the
device 14; that is, all precoders in the codebook cannot be selected and reported by the device 14. This restriction is
defined by the signaled CSR configuration 12.

[0035] In more detail, for a precoder codebook X, consisting of N precoders, there are 2N possible codebook subset
restriction configurations since each precoder can individually either be allowed or restricted (a restricted configuration
is not allowed to be used). Each configuration can be represented by a bitmap of N bits, where each bit corresponds to
a certain precoder and the value of the bit then indicates whether the precoder is restricted or not. If each of the 2N
configurations is equiprobable and independent, this is the optimal representation of a codebook subset restriction
configuration with respect to the expected length (in bits) of the representation and it provides full flexibility.

[0036] However, embodiments herein recognize that, if certain configurations are more likely to be used than others,
and/or if the restriction of one precoder is highly correlated to the restriction of another precoder, then this signaling
leads to unnecessarily high signaling overhead. One or more embodiments herein include methods to reduce this
signaling overhead; that is, reduce the number of bits required for signaling a codebook subset restriction configuration
to a wireless communication device 14 from the network. In some embodiments, for example, the methods utilize an
implicit assumption about which sets of precoders are more likely to be restricted or which sets of precoders are likely
to be jointly restricted.

[0037] According to one embodiment shown in Figure 2, for example, a method is implemented by a network node
10 (e.g., a base station) for signaling to a wireless communication device 14 which precoders in a codebook are restricted
from being used. For each of one or more groups of precoders in the codebook, the method includes identifying one or
more reference configurations for the group (Block 110). Each reference configuration is one of different possible con-
figurations that restrict different subgroups of precoders in the group from being used. One of the reference configurations
for a group may be for instance whichever one of the different possible configurations has the maximum probability of
being signaled, e.g., as predicted or estimated based on empirical observations or implicit assumptions. Regardless,
the method further includes identifying, from the different possible configurations for the group, the actual configuration
to be signaled for the group (Block 120).

[0038] The method also includes generating signaling to indicate the actual configuration for the group (Block 130).
This entails generating the signaling as a bit pattern whose length depends on (i) whether the actual configuration
matches one of the one or more reference configurations; and/or (ii) which reference configuration the actual configuration
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matches. In some embodiments, for example, when the actual configuration matches any reference configuration, the
bit pattern’s length is shorter than when the actual configuration does not match any reference configuration. In other
embodiments, when the actual configuration matches a particular one of multiple reference configurations, the bit pattern’s
length is shorter than when the actual configuration matches a different one of the reference configurations. Regardless,
this process (Blocks 110-130) is repeated for each of one or more groups of precoders in the codebook (Blocks 100,
140, and 150). Finally, the method includes sending the generated signaling to the wireless communication device 14
(Block 160).

[0039] This approach may in some sense be viewed as a sort of compression algorithm for CSR signaling. Indeed,
the approach advantageously reduces the signaling overhead when, over the course of a given time period, the overhead
savings realized by signaling bit patterns with relatively shorter lengths outweighs the overhead costs imposed by
signaling bit patterns with relatively longer lengths. Depending on the relative lengths of the bit patterns, then, the
approach may for instance reduce signaling overhead when the one or more reference configurations (or particular ones
of the one or more reference configurations) are signaled more often than not.

[0040] In at least some embodiments, therefore, a reference configuration has a higher likelihood or probability of
being signaled than any other possible configurations that are not reference configurations. For example, the one or
more reference configurations for a group may include whichever one(s) of the different possible configurations for the
group have the highest probability of being signaled. Different reference configurations that have different probabilities
of being signaled may be represented with bit patterns of different lengths, where reference configurations with higher
probabilities are represented with bit patterns of shorter lengths. That is, certain configurations that are deemed more
probable may be represented with a fewer number of bits, while other configurations, that are deemed less probable to
be used, may be represented with a larger number of bits.

[0041] In some embodiments, the one or more reference configurations may be predefined to be particular one(s) of
the possible configurations, e.g., based on an (implicit) assumption that the particular configuration(s) have the highest
probability of being signaled. For example, an implicit assumption is made on how the network is likely to be configured.
Hence, here certain configurations are considered more likely than others but there are no actual probability values
estimated for the different configurations.

[0042] Inotherembodiments, though, the network node 10 determines signaling probabilities of different configurations,
e.g., based on empirical observations and compares those probabilities to identify the configuration(s) with the highest
probability. In one embodiment for example signaling probabilities are estimated through logging of network data. Hence,
here it may be possible to estimate actual probabilities for the different configurations. In general, therefore, the knowledge
on "how likely" a certain configuration is may be obtained in many ways.

[0043] In some embodiments, only a single reference configuration is defined for a group. In this case, the signaling
is generated as a short bit pattern when the actual configuration matches the reference configuration and as a long bit
pattern when the actual configuration does not match the reference configuration. Different long bit patterns in this regard
are respectively defined for signaling different configurations (other than the reference configuration, for which the short
bit pattern is defined for signaling). A long bit pattern of course has more bits than a short bit pattern (e.g., N bits vs. 1 bit).
[0044] In other embodiments, multiple reference configurations are defined for a group. In this case, the signaling may
be generated as bit patterns that have different lengths when the actual configuration matches different reference
configurations. These lengths may correspond to how likely it is that the reference configurations will be signaled. The
bit pattern’s length may be shortest when the actual configuration matches a particular one of the reference configurations
(e.g., the one with the maximum probability of being signaled), may be next shortest when the actual configuration
matches a different reference configuration (e.g., the one with the next highest signaling probability), and may be longest
when the actual configuration does not match any of the reference configurations.

[0045] In some embodiments, bit patterns signaling non-reference configurations are encoded as a combination of a
so-called "non-reference bit pattern" and a "bitmap." The non-reference bit pattern is defined for signaling that the actual
configuration for the group does not match any reference configuration for the group. The non-reference bit pattern may
for instance be the complement of a bit pattern defined for signaling a reference configuration. For example, when only
a single reference configuration is defined for a group, the bit pattern signaling that reference configuration may simply
be a single bit with a value of "1", whereas the non-reference bit pattern may be a single bit with a value of "0". Regardless,
the bitmap portion of the bit pattern comprises different bits respectively dedicated to indicating whether different pre-
coders in the group are restricted from being used.

[0046] Inatleastsome embodiments, the method is performed for only one group. This single group in one embodiment
includes all precoders in the codebook.

[0047] In another embodiment, of course, the single group includes only a portion of the precoders in the codebook,
such that the signaling approach is adopted for only this portion, while other signaling approaches (e.g., the conventional
bitmap) is adopted for other portions.

[0048] In other embodiments, the method is performed for multiple different groups that respectively include different
portions of the precoders in the codebook. In one such embodiment, the signaling indicates the actual configurations
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for the groups in a defined order. In one embodiment, the one or more reference configurations for any given group
includes the actual configuration, if any, signaled immediately before that of the given group (according to the defined
order).

[0049] Consider an example with an arbitrary codebook of size N, where the single group includes all N precoders. A
certain configuration out of the 2N possible codebook subset restriction configurations for the single group is deemed
more probable. This configuration is represented by a single bit, *1’. The other 2N - 1 configurations are represented by
a’0’, followed by a bitmap of size N. One of the configurations is then represented by 1 bit, while the other configurations
are represented by N + 1 bits. Since the configuration represented by one bit is more frequently signaled, according to
the assumption, the average number of bits required to convey the codebook subset restriction may be much less than N.
[0050] However, if the assumption that one of the possible codebook subset restriction configurations was more likely
than the others was incorrect for the actual usage of codebook subset restriction configurations, the average number of
bits required to convey a codebook subset restriction to a UE may be larger than N bits. One or more embodiments
herein therefore aim to choose the representations of the 2N configurations well. Various methods may represent the
2N configurations differently depending on which sets of precoders are more likely to be restricted.

[0051] Consider for example embodiments where the codebook is defined for a multi-dimensional (e.g., two-dimen-
sional) antenna array. Such antenna arrays may be (partly) described by the number of antenna columns corresponding
to the horizontal dimension M,, the number of antenna rows corresponding to the vertical dimension M, and the number
of dimensions corresponding to different polarizations M,, The total number of antennas is thus M = M,M,M,, It should
be pointed out that the concept of an antenna is non-limiting in the sense that it can refer to any virtualization (e.g., linear
mapping) of the physical antenna elements. For example, pairs of physical sub-elements could be fed the same signal,
and hence share the same virtualized antenna port.

[0052] An example of a 4x4 array with cross-polarized antenna elements is illustrated in Figure 3. Specifically, Figure
3 shows a two-dimensional antenna array of cross-polarized antenna elements (Mp = 2), with M, = 4 horizontal antenna
elements and M, = 4 vertical antenna elements, assuming one antenna element corresponds to one antenna port.
[0053] Precoding may be interpreted as multiplying the signal with different beamforming weights for each antenna
prior to transmission. A typical approach is to tailor the precoder to the antenna form factor, i.e. taking into account M,,M,,
and M, when designing the precoder codebook.

[0054] Accordingtosomeembodiments, a precoder codebook is tailored for 2D antenna arrays by combining precoders
tailored for a horizontal array and a vertical array respectively by means of a Kronecker product. This means that (at
least part of) the precoder can be described as a function of

Wy @W,

where W, is a horizontal precoder taken from a (sub)-codebook X}, containing Ny codewords and similarly Wy, is a
vertical precoder taken from a (sub)-codebook X,, containing N\, codewords. The joint codebook, denoted X,,®X, thus
contains Ny - N\, codewords. The elements of X}, are indexed with k =0, ...,N - 1, the elements of X\, are indexed with
1=0,..., Ny- 1and the elements of the joint codebook X,;®X,are indexed withm=N,,- k+/meaning thatm =0,..., N, - Ny,- 1.
[0055] Insomeembodiments, for example, the (sub)-codebooks of the Kronecker codebook consist of DFT-precoders.
T

1k+4p, i (Mp—1)k+4p
In this case, the horizontal codebook can be expressed as Xk = |1 o/“"mpen ... /" Muep

k=0,..,M,Q, — 1, where Q, is an integer horizontal oversampling factor and 4, can take on value in the interval
0to 1 so as to "shift" the beam pattern (4, =0.5 could be an interesting value for creating symmetry of beams with respect
to the broadside of an array). And the vertical codebook can be expressed as

1l+4y o (My=Dl+apq T ) ) ) )
x, =1 e ™My . 72T MyQy ,1=0,..,M,Q, - 1, where Q, is an integer vertical oversampling factor

and 4, is similarly defined as above.

[0056] It should be pointed out that a precoder codebook may be defined in several ways. For example, the above
mentioned Kronecker codebook may be interpreted as one codebook indexed with a single PMI m. Alternatively, it may
be interpreted as a single codebook indexed with two PMIs k and /. It may also be interpreted as two separate codebooks,
indexed with k and / respectivly. Further, the Kronecker codebook discussed above may only describe a part of the
precoder, i.e. the precoder may be a function of other parameters as well. In a such example, the precoder is a function
also of another PMI n. Again, this can be interpreted as three separate codebooks with indices k, / and n respectively,
or two separate codebooks with indices m = N, - k + | and n respectivly. It may also be interpreted as a single joint
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codebook with a joint PMI. Embodiments herein should be considered agnostic with respect to how a codebook is defined.
[0057] With this understanding, the codebook at issue in Figure 2 may be a Kronecker codebook that comprises
different precoders indexed (atleast in part) by different possible values of a single index parameter (e.g., index parameter
m=0,..,Ny- Ny -1). In this case, the different possible values of the single index parameter are divided into different
clusters of consecutively ordered values. And precoders in the different groups are respectively indexed (at least in part)
by the different clusters of consecutively ordered values. For example, precoders indexed by the cluster m = 0, ...m1
belong to a first group, precoders indexed by the cluster m = m2, ...m3 belong to a second group, precoders indexed
by the cluster m = m4, ... m5 belong to a third group, and so on. As an even more specific example, one or more
embodiments exploit the Kronecker structure of the precoder by mapping the index m to indices k and las m = N k + |
and grouping the precoders such that m = 0,... ,Nv-1 is the first group, m= Nv,...,2Nv-1 is the second group , etc.
[0058] In another embodiment, by contrast, the Kronecker codebook comprises different precoders indexed (at least
in part) by different pairs of possible values for a first-dimension index parameter (e.g., k =0, ...,N,, - 1) and a second-
dimension index parameter (e.g., / = 0, ..., Ny, - 1). In this case, precoders in each of the different groups are indexed
(at least in part) by pairs (k, /) that have the same value for the first-dimension index parameter k and/or the second-
dimension index parameter /.

[0059] Two different embodiments in this regard, referred to as a "similar rows embodiment" and a "similar columns
embodiment”, will now be illustrated in the context of a Kronecker codebook and where only a single reference config-
uration is defined for a group. The Kronecker codebook in this example consists of precoders with different angular
directions, spanning a two-dimensional angular area as seen from the transmitter. An important use case for codebook
subset restriction in such an embodiment may be to restrict precoders in a certain angular area or angle interval, e.g.
corresponding to a direction where a user hotspot of an adjacent cell is located. The eNodeB would then reduce inter-
ference to said adjacent cell and particular the hotspot area if precoders corresponding to beams pointing at that direction
were restricted. This is beneficial from a system capacity perspective.

[0060] In the following, consider the specific example where codebook subset restriction is used on a Kronecker
codebook in order to understand how different embodiments can be used to reduce the signaling overhead. In this
scenario, a 4x4 antenna array with a mechanical downtilt of 18° is used. The Kronecker codebook consists of 8 vertical
and 8 horizontal precoders, i.e. Ny = Ny, = 8. The angular pointing directions of the precoders in the codebook are
illustrated in Figure 4.

[0061] Codebook subset restriction is applied to restrict beams with pointing directions in the zenith interval [85°, 95°]
(illustrated with dotted lines). That is, codebook subset restriction is applied in the angular interval 85° < < 95°, meaning
that the precoders with indices (k, /) = (0,4), (3,5), (4,5), (7,4) are restricted. These restricted beams are illustrated with
an 'o’ while the unrestricted beams are illustrated with an 'x’. The beam index k in the horizontal codebook and /in the
vertical codebook is written next to the beams as (k, /). If this configuration of codebook subset restriction would be
signaled with a conventional bitmap, N = Ny - N,, = 64 bits would be used.

"Similar rows embodiment"

[0062] Inone embodiment, by using compressing of the CSR signalling, a scheme is designed taking into consideration
the hypothesis that precoders (k, /) with adjacent l-indices (i.e. (k, Io- 1), (k, Ip) and (k, I, + 1)) are likely to have the same
restriction setting, meaning that if (k, /) is restricted, (k, I, + 1) is likely to be restricted as well and vice versa. The scheme
works as follows:

First, a bitmap of Ny, bits are sent, indicating the codebook subset restriction for the "row" of precoders where /=0 (c.f.
Figure 4), i.e the precoders (k, /) = (0,0), (1,0), ..., (Ny - 1,0).

[0063] Then, the codebook subset restriction for the second "row" of precoders, where | = 1 is sent. If the restriction
is the same as for the previous row of precoders, a1’ is sent. If the restriction for this row differs from the restriction of
the previous row, a ’0’ is sent, followed by a bitmap indicating the restriction for this row.

[0064] The previous step is then repeated for each of the N, "rows" of precoders.

[0065] This embodiment is illustrated with an example, considering the codebook subset restriction setting illustrated
in Figure 4, i.e. the restriction of precoders with indices (k, /) = (0,4), (3,5), (4,5), (7,4) should be signaled.

For /= 0:
[0066] No precoders with l-index 0 should be restricted, therefore the bitmap '00000000’ is sent.
For/=1:

[0067] The restriction of this row is identical to the restriction of the previous row, the bit 1’ is sent.
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For/=2:
[0068] The restriction of this row is identical to the restriction of the previous row, the bit 1’ is sent.
For/=3:
[0069] The restriction of this row is identical to the restriction of the previous row, the bit 1’ is sent.
For /= 4:

[0070] The restriction of this row is not identical to the restriction of the previous row, therefore the bit '0’ is sent. The
bitmap indicating the restriction for this row should now be sent. Precoders (0,4) and (7,4) should be restricted. Therefore,
the bitmap '10000001’ is sent.

For /= 5:

[0071] The restriction of this row is not identical to the restriction of the previous row, therefore the bit 0’ is sent. The
bitmap indicating the restriction for this row should now be sent. Precoders (3,5) and (4,5) should be restricted. Therefore,
the bitmap '00011000’ is sent.

For /= 6:

[0072] The restriction of this row is not identical to the restriction of the previous row, therefore the bit '0’ is sent. The
bitmap indicating the restriction for this row should now be sent. No precoder should be restricted. Therefore, the bitmap
’00000000’ is sent.

For/=7:

[0073] The restriction of this row is identical to the restriction of the previous row, the bit 1’ is sent.
[0074] The string of bits to be signaled is thus 0000000001110100000010000110000000000001’, consisting of 39
bits. Generally, the number of bits required with this scheme is

NbitszM'NH-l_NV_l

Where M is the number of times the rows change and a bitmap for a row has to be transmitted, M = 4 in the example.
Analyzing the above expression, we note that 1 < M < N,,. This means that for some of the 2N = 2NNV possible codebook
subset restrictions, the number of bits required to signal the codebook subset restriction with this scheme is smaller than
N, while for others, such as when M = N,,,, the number of bits required is larger than N.

[0075] It should be noted that this is a small example for the sake of illustrating the embodiment. If a larger codebook
is used, say Ny = N,, = 30, and M = 4 the number of bits required with this scheme would be Ny =M - Ny + N, -1 =
149 compared to N = Ny - N\, =900 in the case of just transmitting the entire bitmap; this is hence a substantial reduction
in the number of required bits.

[0076] Finally, itis pointed out that all possible codebook subset restriction configurations can be represented by this
encoding/decoding scheme, thereby providing full flexibility.

"Similar columns" embodiment

[0077] In another embodiment, the scheme discussed in the previous embodiment is modified by instead taking into
consideration the hypothesis that precoders (k, /) with adjacent k-indices (i.e. (kg - 1,)), (ko, /) and (kg + 1, /)) are likely to
have the same restriction setting, meaning that if (ky, /) is restricted, (ky + 1, /) is likely to be restricted as well and vice
versa. The construction of the string of bits to be signaled would then work similarly as in the previously discussed
embodiment, except that the precoders "columns" k will be used instead.

[0078] In another embodiment an extra initial bit is inserted where ’1’ indicates that encoding is done under the
assumption that precoders (k, /) with adjacent l-indices (i.e. (k, Ip- 1), (k, Iy) and (k, Iy + 1)) are likely to have the same
restriction, hence the encoding is done row wise, whereas a '0’ indicates that precoders (k, /) with adjacent k-indices
(i.e. (kg-1,1), (ko, ) and (ko + 1, 1) are likely to have the same restriction setting, hence encoding is done column wise.
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[0079] Inanotherembodimentan initial bit is inserted where ’1” indicates that no precoders are restricted, a ‘0’ indicates
that some precoders are restricted and the '0’ is followed by a number of bits representing the codebook subset restriction.
[0080] Accordingly, different "compression" techniques (whether based on similar rows, columns, or otherwise) may
be adopted for different groups of precoders in the same codebook, where the particular technique is indicated to the
device so that the device can decode the signaling. Alternatively, the same "compression" technique may be adopted
for each of the groups of precoders, but the network evaluates different possible techniques to identify the one that
provides the best compression and then adopts that approach (and indicates it to the device).

[0081] Of course, the embodiments shown in Figure 2, and variations thereof, may be used for signaling a restricted
subset of precoders in any given codebook, whether Kronecker structured or not. Moreover, the signaling may be rank-
specific, meaning that different signaling restricts different rank-specific codebooks.

[0082] According to other embodiments shown in Figure 5, a method is implemented in a network node 10 (e.g., a
base station) for signaling to a wireless communication device 14 which precoders in a codebook are restricted from
being used (e.g., which Kronecker product precoders are restricted). As shown, the method includes generating codebook
subset restriction signaling that, for each of one or more groups of precoders, jointly restricts the precoders in the group,
e.g., with a single signaling bit (Block 210). In at least some embodiments, this signaling (i) is rank-agnostic so as to
restrict precoders irrespective of their transmission rank; and/or (ii) jointly restricts a group of precoders by restricting a
certain component that those precoders (i.e., the precoders in the group) have in common. Regardless, the method then
includes sending the generated signaling to the wireless communication device 14 (Block 220).

[0083] Consider embodiments that jointly restrict a group of precoders by restricting a certain component that those
precoders (i.e., the precoders in the group) have in common. Precoders have a certain component in common if the
precoders are derived from or are otherwise a function of that same component. In one embodiment, for example, a
group of precoders W(b) that have a certain component b in common are jointly restricted by restricting that component
b. Restriction of this component b may be signaled for instance in terms of one or more indices for the component (e.g.,
m where the component is indexed as b, or (k, /) where the component is indexed as bk,,, with m, k, and / being indices
for a Kronecker-structured codebook as described above).

[0084] Note that embodiments herein contemplate a precoder having one or more different "components" at any level
of granularity (e.g., component(s) at a high level of precoder factorability and/or component(s) at a lower level of precoder
factorability). For example, a precoder may comprise one or more different components b at one level of granularity. At
a finer level of granularity, though, each of these components b may in turn be derived from or otherwise be a function
of multiple sub-components x,, and x,,such that b(x,,x,/). In this case, a group of precoders W(x;,x,) that have a certain

component x;; or x,, in common may be jointly restricted by restricting that component x;; or x,. Restriction of this
component x;, or x,,may be signaled for instance in terms of an index for the component (e.g., k or / where the component

Xy is indexed as xI’fI and the component x,, is indexed as x]l/, with x;; and x,, being horizontal and vertical beamforming

vectors, respectively, and with k and / being indices for a Kronecker-structured codebook as described above).

[0085] In some embodiments, a precoder at one level of granularity consists of one or more different components that
are referred to as one or more so-called "beam precoders". Each precoder W in this regard consists of one or more
beamforming vectors by, by, ..., by that are referred to as beam precoders. One or more embodiments herein jointly
restrict a group of precoders W that have a certain beam precoder in common, by restricting that beam precoder. With
restriction of precoders W as a whole founded on restriction of one or more of their constituting beam precoders, these
embodiments advantageously generate the CSR signaling in terms of beam-specific restrictions (i.e., restrictions of
certain beam precoders), rather than in terms of precoder-specific restrictions (i.e., restrictions on precoders Was a
whole). In some embodiments, the device 14 shall assume that a precoder W is restricted if one or more of its beam
precoders are restricted. In other embodiments, each beam precoder must be restricted for the device 14 to assume
that the total precoder W is restricted.

[0086] In one embodiment, a beam precoder is the beamforming vector used to transmit on a particular layer, where
different scaled versions of that beamforming vector are transmitted on different polarizations. Different layers are trans-
mitted on different beam precoders. A precoder W in this case can be expressed as:

bO bl bL—l

W=a-
@obo @1b1 - @L_1bp 4

Here, Wis a N x L precoder matrix, where N is the number of transmit antenna ports, L the transmission rank (i.e. the
. . N .
number of transmitted spatial streams), by, by,..., b, are 5 X 1 beamforming vectors (denoted beam precoders), ¢,

@1, -, 9.1 and « are arbitrary complex numbers. Another precoder W of the same codebook as W above can be
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expressed as:

bl b2 bL

W=a- .
@1by @by - @by

For example, by signaling by, only the former precoder is restricted and by signaling b, both precoders will be restricted.

n some embodiments, the first — antenna ports are mapped to antennas with one polarization while the latter
0087] | bodi ts, the fi tl: t t d to ant ith larizati hile the latt

N antenna ports are mapped to antennas with the same positions as the first antennas, but with an orthogonal polarization.
2

In such embodiments, for each column of W (i.e. the precoder for each spatial layer), a beam precoder b is transmitted
on one polarization and a scaled version of the same beam precoder ¢b is transmitted on a second polarization. Such
scaling may impact the phase, amplitude, or both the phase and amplitude of the beam precoder.

[0088] In another embodiment, a beam precoder is the beamforming vector used to transmit on multiple different
layers, where the layers are sent on orthogonal polarizations. In this case, a precoder W can be expressed as:

Wea. by by by
@obo  @1bo - @r-1bg

[0089] Accordingly, it should be noted that the beam precoders for each spatial layer by, by, ..., b;_4 may be different
beam precoders, or, some subsets of the beam precoders may be identical, for example by may be equal to b;.
[0090] In yet another embodiment, a beam precoder is the beamforming vector used to transmit on a particular layer
and on a particular polarization. That is, a beam precoder may be defined in a slightly different way than the definition
above. The definition of a beam precoder may for example allow different beam precoders to be transmitted on the
different polarizations of the same layer, such as

b b, b2
W=a- .
@ob1  @1b3 - @by

[0091] In still another embodiment, the beam precoders may be defined by disregarding the polarization as

W=aq«a- [bO bl bL—l]-

[0092] Note thatthe beam precoders by, by, ..., b, _4 may be chosen explicitly from a set of beam precoders (a codebook)
or they may be implicitly chosen when selecting the (total) precoder W from a codebook X. It should be noted that the
selection of the (total) precoder W may be made with one or several PMIs. In the case where selection of the total
precoder W is made with several PMIs, the resulting beam precoders for each layer may be a function of only a subset
of the PMIs or they may be a function of all PMIs.

[0093] Irrespective of the particular way a beam precoder is defined, though, one or more embodiments herein jointly
restrict a group of precoders W that have a certain beam precoder in common, by restricting that beam precoder. That
is, in some embodiments, codebook subset restriction (CSR) may be signalled based on the set of possible beam
precoders b, instead of CSR signalled on the set of possible (total) precoders W. In some such embodiments, the device
14 shall assume that a precoder W is restricted if one or more of the beam precoders by, by, ..., b;_4 of each layer are
restricted. In other such embodiments, each layers’ beam precoder must be restricted for the device 14 to assume that
the total precoder W is restricted.

[0094] Consideraspecific example foran 8TX codebook with transmissionrank 2. In some embodiments, this codebook
is defined as shown in Figure 6. Defined in this way, each precoder W is formed in part from a beam precoder v,,, (note
the notation shift from b, by, ..., b; 4 to v,,). The beam precoder index m is the same for some precoders W, including
for instance precoders whose subcodebook index iy is equal to 0, 1, 8, 9, 12 or 13 (since for those precoders m = 2iy).
This means that those precoders W have the same beam precoder v, in common. Accordingly, some embodiments
herein jointly restrict a group of precoders W that have a particular beam precoder v,,, in common, by restricting that
beam precoder v,,,, e.g., with a single bit. Restriction of this beam precoder v,,, may be signaled for instance in terms of
index m (e.g., beam precoders indexed with a particular value of m are restricted). Signaling in this case may constitute
a bitmap, with different bits in the bitmap respectively dedicated to indicating whether or not different beam precoders
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are restricted from being used. For example, signaling may constitute a bitmap of m values, with different bits in the
bitmap respectively dedicated to indicating whether or not beam precoders indexed with different of m values are restricted
from use.

[0095] In alternative embodiments not shown in Figure 6, the beam precoder v, is replaced by beam precoder v,
which is a Kronecker product of a vertical beamforming vector x,, with index k and a horizontal beamforming vector x
with index . For example, as noted above, these beamforming vectors may comprise DFT vectors. Regardless, restriction
of beam precoder v, ; may be signaled in terms of the index pair (k, /). Signaling in this case may constitute a bitmap of
(k, 1) value pairs, with different bits in the bitmap respectively dedicated to indicating whether or not beam precoders
indexed with different (k, /) value pairs are restricted from use.

[0096] Instead of such a bitmap, restriction of one or more beam precoders v, ;in some embodiments is jointly signaled
in terms of a "rectangle” defined by two (k, /) value pairs: namely, (ko, lp) and (ky, /4). In this case, beam precoders vy
with indides kj < k < kq and [y < /< I, are restricted.

[0097] As yet another alternative, restriction of one or more beam precoders v, in some embodiments is signaled in
terms of a bitmap of k values and/or a bitmap of / values. If signaled as only a bitmap of k values, the device in some
embodiments assumes that any beam precoders v, with certain k values are restricted, irrespective of those precoders’
I values. If signaled as only a bitmap of / values, the device in some embodiments assumes that any beam precoders
v With certain / values are restricted, irrespective of those precoders’ k values. If signaled as both a bitmap of k values
and a bitmap of / values, the device in some embodiments assumes that only beam precoders v, , with certain (k, /) value
pairs as collectively defined by those bitmaps are restricted.

[0098] That said, restrictions specified in term of k and/or / values may in some sense be deemed as restrictions at a
finer level of granularity than even the beam precoders themselves. Indeed, as noted above, each beam precoder Vil
is in some embodiments a Kronecker product of a vertical beamforming vector x,, with index k and a horizontal beam-
forming vector x,, with index /. Accordingly, signaling the restriction as k and/or / values effectively amounts to restricting
(sub)components x, or x,,.

[0099] Consider an example of these finer-granularity embodiments where codebook subset restriction is to be applied
to beam precoders with / values of 3 or 4. If this configuration of codebook subset restriction would be signaled with a
conventional bitmap, N = Ny, - N,,= 64 bits would be used. By contrast, the scheme in these finer-granularity embodiments
consider restriction of entire precoder "rows", i.e all precoders that are formed from beam precoders with the same
l-index s either turned on or off. To signal the codebook subset restriction in this example, therefore, the bitmap ‘00011000’
of / values, consisting of N, = 8 bits, may be sent. With this scheme, a large reduction of the number of bits required to
signal the codebook subset restriction is seen. However, not all of the 2N possible codebook subset restrictions may be
signaled.

[0100] In a similar embodiment, the restriction is applied on the precoder "columns" k and the codebook subset
restriction is signaled with a N, bit long bitmap, indicating restrictions of entire precoder "columns".

[0101] In another embodiment an extra initial bit is inserted where ’1’ indicates that encoding is done as above "row
wise", whereas a ’0’ indicates is done "column wise".

[0102] In yet another embodiment, the device 14 shall assume that a precoder W is restricted if both the vertical and
the horizontal precoder in the Kronecker structure are restricted. If only one of the vertical and horizontal precoders are
restricted, then the device 14 shall not assume that the resulting precoder after Kronecker operation is restricted.
[0103] Thus, one or more embodiments herein advantageously exploit a codebook’s Kronecker structure to generate
the signaling of Figure 5 in terms of indices k, /, and/or m. In some embodiments, for example, the signaling is generated
to jointly restrict, e.g., with a single bit, a group of precoders that either (i) have the same value of index k; (ii) have the
same value of index /; or (iii) have the same pair of values for indices (k, /).

[0104] In some embodiments, signaling that jointly restricts a group of precoders by restricting a certain component
(e.g., beam precoder) that those precoders have in common is rank-agnostic. That is, the signaling jointly restricts the
group of precoders regardless of the precoders’ transmission rank (i.e., regardless of which rank-specific codebook they
belong to). For example, embodiments that restrict a single beam precoder b, can be extended so that all precoders
across all ranks that contain the restricted beam precoder b are restricted. Hence, all precoders across all ranks that
contain a certain beam precoder by is a precoder group that can be restricted jointly. According to some embodiments,
therefore, an advantage of signaling CSR based on beam precoders is that one does not need to signal a separate CSR
for precoders with different rank (precoders with different rank are restricted with the same CSR). This reduces signaling
overhead.

[0105] Signaling that jointly restricts a group of precoders by restricting a certain component that those precoders
have in common also proves effective for restricting precoders that transmit in whole or in part towards certain angular
pointing directions. Indeed, according to some embodiments herein, the network node 10 jointly restricts a group of
precoders that transmit at least in part towards a certain angular pointing direction, by restricting a certain component
(e.g., beam precoder) which has that angular pointing direction. In this way, the network node 10 avoids transmitting
energy in a certain direction, by signaling to the device 14 by means of CSR that the device 14 shall not compute feedback
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for that particular direction.

[0106] More specifically in this regard, when each precoder W is formed from multiple beam precoders, the precoder
W in some sense has multiple angular pointing directions corresponding to the angular pointing directions of its constituent
beam precoders (where each beam precoder has its own azimuth and zenith angular pointing direction for example).
In another sense, though, the precoder W has an overall angular pointing direction that is a combination (e.g., average)
of its beam precoders’ respective directions. By restricting beam precoders that have certain angular pointing directions,
embodiments herein effectively restrict precoders that transmit at least in part in those directions, and do so with reduced
signaling overhead.

[0107] Asanexample, a set of rank-1 precoders with the same angular pointing direction but with different polarization
properties, such as the whole set of rank-1 precoders

ercin b ot Lot
ejwobo’ ejwlbo’ ejwzbo’

may be restricted by restriction signaling of a single beam precoder b. That is, when a restriction is signaled for a certain
beam precoder, the restriction applies implicitly to all polarization phases of the signaled beam. Hence, the group of
rank-1 precoders exemplified above is associated with a single CSR bit and is thus jointly restricted. This reduces device
complexity and CSR signaling overhead, since only the beam direction needs to be signaled.

[0108] In another example, the set of rank-1 precoders

ercin b ot Lot
ejwobl’ ejwlbo’ ejwzbz’

may be jointly restricted by restriction signaling of a single beam precoder b,. Hence, the group of rank-1 precoders
exemplified above is associated with a single CSR bit and is thus jointly restricted.

[0109] Restriction of precoders with certain angular pointing directions can also be accomplished by specifying re-
strictions in terms of certain k and/or / values. This is illustrated with reference to Figure 7, which illustrates the angular
beam pointing directions of rank-1 precoders in a codebook according to one example. In this example, the network
node has a 4x4 antenna array where no mechanical downtilt is used. The Kronecker codebook consists of 8 vertical
and 8 horizontal precoders, i.e. Ny = Ny, = 8. In this example, codebook subset restriction is applied to restrict beams
with pointing directions in the zenith interval [80°, 100°] (the interval is illustrated with dotted lines). That is, codebook
subset restriction is applied in the angular interval 80° < §< 100°, such that the precoders with indices /-index 3 and 4
are restricted. The restricted beams are illustrated with an 'o’ while the unrestricted beams are illustrated with an ’x’. The
beam index k in the horizontal codebook and / in the vertical codebook is written next to the beams as (k, /). To signal
the codebook subset restriction in this example, therefore, the bitmap ‘00011000’ of / values, consisting of Ny, = 8 bits,
may be sent. With this scheme, a large reduction of the number of bits required to signal the codebook subset restriction
is seen.

[0110] Inanother embodiment, the device 14 shall assume that a precoder is restricted if both the vertical and horizontal
precoder in the Kronecker structure are restricted. This allows to restrict a rectangular "window" of beam former pointing
angles as seen from the network node 10.

[0111] This can also be accomplished by signaling the restriction as a "rectangle" of precoders defined by the index
pairs (kq, lp) and (kq, I1). With this scheme, precoders with indices ky < k < kq and Iy </ </, are restricted.

[0112] Component-based restriction of a precoder group is just one example of embodiments that provide for rank-
agnostic CSR signalling. Other embodiments herein also provide for such rank-agnostic signaling. For example, some
embodiments herein generate signaling to jointly indicate that a group of precoders which transmit in whole or in part in
certain angular pointing direction(s) are restricted, by generating the signaling to (explicitly or implicitly) indicate those
angular pointing direction(s). The signaling may for instance specify an angular area or interval that is restricted, in terms
of one or more angular parameters. This restriction may concern the angular pointing direction of a precoder as a whole,
or the angular pointing direction of any beam precoder forming the precoder.

[0113] In one embodiment, the angular area or interval may be represented by angular points (¢,, 6;) and (¢4, 6,),
spanning a rectangle in the angular domain. Here, ¢ and fare the azimuth and zenith angles with respect to the eNodeB
respectivly. Multiple such rectangular areas may be signaled although the present embodiment focuses on the case of
a single rectangular area for simplicity. The device 14 may then calculate the angular pointing directions of the precoders
in the codebook and compare them to the restricted angular area to derive the codebook subset restriction. The device
14 may need some additional information regarding what to assume about the transmitter antenna array (which does
not need to correspond to the actually used antenna array) to be able to calculate the pointing directions of the precoders.
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Consider an exemplary embodiment where the (sub)-codebooks of the Kronecker codebook consist of DFT-precoders, i.e

1k+4p, . (Mp—1)k+4p T
[0114] The horizontal codebook can be expressed as yk =[1 M Mpen ... o2 Mpan ]

k=0,..,M,Q, —1, where Q, is an integer horizontal oversampling factor and 4, can take on value in the interval
0to 1 so as to "shift" the beam pattern (4, =0.5 could be an interesting value for creating symmetry of beams with respect
to the broadside of an array).

) ity g My=1)i+ 4y T
[0115]  The vertical codebook can be expressed as x1  — [1 e Moy ... 2T Myay =0, M,Q,- 1,

where Q, is an integer vertical oversampling factor and 4, is similarly defined as above.
[0116] The pointing direction of precoder (k, /) can be calculated by first calculating the pointing angle with respect to
the broadside of the antenna array:

C kra- 2
0 = acos
L om,
. o l+a- —QhZM h
= asin ~
¢ (dHQth sin(@))

Where d\, and dy is the vertical and horizontal antenna element spacing of the array, in wavelengths, respectively. The
mechanical downtilt angle gis taken into account in order to calculate the actual beam pointing angles as:

¢ = 2(cos(P) sin(8) cos(—p) — cos(8) sin(—p) + j sin(8) sin())

6= acos(cos(qs) sin(é) sin(—B) + cos(—p) cos(é))

[0117] The device 14 needs to be signaled the additional information dy, d\, and g to be able to calculate the beam
pointing direction of the precoders in the codebook. It is assumed that the device 14 already knows the parameters Q,,
M,, Qp, M, and 4 as part of the codebook structure.

[0118] The set of parameters ¢, 6y, ¢4, 64, dy, dy, S thus parameterizes the codebook subset restriction in this
embodiment. When signaling said parameters, several strategies may be used.

[0119] In one embodiment, each parameter is uniformly quantized with a number of bits, over a predefined interval.
An example is given in the table below.

Parameters Interval Quantization bits
¢o 0o, @1, 04 | [0,180] [deg] 6
dy, dy [0,2] 4
B [-30,30] [deg] 6

[0120] In this embodiment, the number of bits required to signal the codebook subset restriction is 38. Note that this
is independent of the codebook size.

[0121] In another embodiment, each parameter may take a value from a fixed set of possible values. Each possible
value of the parameter is encoded with a different number of bits depending on e.g. the perceived likelihood of the
parameter taking that value. For example, the horizontal array element spacing dy may be encoded as follows

Value | 0.5 | 0.8 | 0.65 1 4 2 0.75
Bits 1 01 0011 | 0010 | 0001 | 00001 | 00000
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[0122] In this embodiment, the encoding of dy; was designed to take into account d; = 0.5 is a common value for
horizontal antenna element separation, thus encoding this value with a low number of bits. Other, less common, values
are encoded with a larger number of bits. Note that the encoding of di, in this embodiment constitutes a uniquely decodable
code.

[0123] Inanother embodiment, some of the parameters are uniformly quantized with a number of bits over a predefined
interval, while other parameters are encoded with a different number of bits as in the previous embodiment.

[0124] In some other embodiments, different sets of parameters relating to the restricted angular area may constitute
the parameters that define the codebook subset restriction. In one such embodiment, only a zenith interval g, < 6< 6,
is restricted, and thus, &, 6; may be sent. In another such embodiment, the restriction is only an azimuth interval ¢, <
# < ¢4. In yet another such embodiment, the angle interval may be open-ended, i.e. ¢ < ¢, constitutes the restriction.
[0125] In other embodiments, parameters relating to the antenna array such as dy, d\, and ¥ are not a part of the
codebook subset restriction parameters, instead they may be already known to the UE or the UE assumes a default
value of said parameters and the eNodeB chooses restriction angles (¢,, &) and (¢;, 6;) in such a way that the intended
precoders are restricted when the UE calculates the restriction based on the default values of said parameters, where
the default values of said parameters may differ from the actual value of said parameters.

[0126] In other embodiments, more parameters may be included in the codebook subset restriction parameters. In
one suchembodiment, the roll angle yof the antenna array may be included in the codebook subset restriction parameters.
[0127] In view of the above modifications and variations, one recognizes that there are many ways that the CSR
signaling can jointly restrict precoders in a group. The signaling can be rank-agnostic or not. And the signaling can
restrict a certain component that is common to the group or signal angular parameters associated with the group. The
signaling can take the form of a bitmap for beam precoder indices, take the form of angular parameters, take the form
of sub-codebook index pairs, take the form of a bitmap for indices of a single sub-codebook, etc. Irrespective of these
particular variations, though, CSR signaling overhead is reduced based on correlation of the precoder restrictions or
equivalently grouping of precoders. But the group-based joint restriction means that not all of the 2N codebook subset
restriction configurations are possible to convey to the device 14. Instead, only a subset of the possible configurations
may be chosen.

[0128] Accordingly, atleastsome embodiments balance the loss in flexibility caused by joint restriction with the signaling
overhead gains by such joint restriction by performing joint restriction with respect to only a portion of precoders in the
codebook. That is, codebook subset restriction may be configured with full flexibility on a subset A of the precoders in
the codebook (meaning that each of the precoders may be turned on or off individually), while only a few configurations
may be chosen for the remaining set B of precoders. For example, the codebook subset restriction for the remaining
set B of precoders may only be represented with one bit, turning all precoders in the set either on or off. This will reduce
the CSR signaling overhead which is beneficial.

[0129] As an example in the context of beam precoders, the codebook may consist of two sets of precoders. One of
the sets consist of precoders which may be equivalently expressed as a function of layer-specific beam precoders (as
defined above) while the other set may consist of arbitrary precoders. In this embodiment, the first set of precoders may
be configured with full flexibility while the other precoders in the codebook may be configured with limited flexibility.
[0130] This embodimentis just one example of grouping of the precoders in the codebook where precoders belonging
to set A is individually represented by one bit while precoders in set B are all jointly restricted with a single bit. This
embodiment can be further extended by having multiple sets B as B_1,B_2,... B_N where each of the setB_n, n=1,...,N
contain at least two precoders each and is associated with one CSR bit. In Figure 8 an example is shown where Precoder
1 to 14 are each represented by an individual bit (Set A), while all precoders in group B1 are represented by a single
CSR bit, e.g. the bit for precoder 15.

[0131] The defined groups may also be overlapping, so that a given precoder exists in multiple groups. If this is the
case, then priority or combining rules needs to be defined, so that the device 14 understands how to interpret the case
when one precoder is restricted by the signaling of one group but not from another group it belong to.

[0132] In a further detailed embodiment, therefore, the groups B_n in Figure 8 may be overlapping and rules are
specified in standard text on how the device 14 shall interpret CSR signaling. For instance, assume two groups B_1 and
B_2 each represented by one bit and that one precoder belongs to both groups. One rule may be that if a precoder is
restricted in any of the groups it belongs, then the precoder should be assumed to be restricted. Another alternative is
that the precoder must be restricted in both groups for the precoder to be assumed to be restricted.

[0133] In some embodiments in this disclosure, codebook subset restriction is discussed using the terminology pre-
coders and codebooks. It may be assumed that beam specific restriction is used in said embodiments, and that the
terminology may be interchanged to beam precoders and set of beam precoders, depending on the granularity being
discussed.

[0134] Note that although terminology from 3GPP LTE has been used in this disclosure to exemplify embodiments
herein, this should not be seen as limiting the scope of the embodiments to only the aforementioned system. Other
wireless systems, including WCDMA, WiMax, UMB and GSM, may also benefit from exploiting the ideas covered within
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this disclosure.

[0135] Also note that terminology such as eNodeB and UE should be considering non-limiting and does in particular
not imply a certain hierarchical relation between the two; in general "eNodeB" could be considered as device 1 and "UE"
device 2, and these two devices communicate with each other over some radio channel. Herein, we also focus on
wireless transmissions in the downlink, but embodiments herein are equally applicable in the uplink.

[0136] Embodiments herein also include methods in a wireless communication device 14 corresponding to the methods
described above in a network node 10. These methods receive and decode the signaling that the network node 10
generates according to any of the embodiments above.

[0137] According to one embodiment shown in Figure 9, for example, a method is implemented by a wireless com-
munication device 14 (e.g., a UE) for decoding signaling from a network node 10 indicating which precoders in a codebook
are restricted from being used. The method includes receiving the signaling (Block 300). The method also includes, for
each of one or more groups of precoders in the codebook, decoding the signaling to identify which of different possible
configurations is actually signaled for that group. Different possible configurations in this regard restrict different subgroups
of precoders in the group from being used. This decoding proceeds on a group-by-group basis, starting with a first group
(Block 310). Specifically, the decoding entails identifying one or more reference configurations for the first group, the bit
patternidentified for signaling each reference configuration, and the length of that bit pattern (Block 320). These reference
configuration(s) may be predefined at the device 14, or may be signaled from the network node 10. Regardless, decoding
then entails detecting the actual configuration signaled for the group, by detecting a bit pattern in the received signaling
whose length depends on (i) whether the actual configuration matches one of the one or more reference configurations;
and/or (ii) which reference configuration the actual configuration matches (Block 330).

[0138] Such may entail, for example, determining the length B of the bit pattern defined for signaling a particular
reference configuration, and checking whether a B-length string of the next bits in the signaling corresponds to the bit
pattern defined for signaling that reference configuration. This determination and checking may be performed for each
of the one or more reference configurations, after which (if no reference configurations are identified as being signaled)
a default-length string of the next bits in the signaling is decoded for detecting non-reference configurations.

[0139] Regardless ofthe particularimplementation of the decoding process (Blocks 320-330), the decoding is repeated
for each of the one or more groups of precoders in the codebook (Blocks 340, 350).

[0140] Those skilled in the art will appreciate that the device-side embodiments include decoding of any of the network-
side embodiments illustrated with reference to Figure 3, including for instance the "similar rows embodiments" and the
"similar columns embodiment."

[0141] According to one or more other embodiments shown in Figure 10, a method is implemented by a wireless
communication device 14 (e.g., a UE) for decoding signaling from a network node 10 indicating which precoders in a
codebook are restricted from being used (e.g., which Kronecker product precoders are restricted). As shown, the method
includes receiving the signaling from a network node 10 (e.g., a base station) (Block 400). The method also includes
decoding the signaling as jointly restricting precoders in each of one or more groups of precoders (Block 410). In at least
some embodiments, such decoding involves decoding the signaling (i) as being rank-agnostic so as to restrict precoders
irrespective of their transmission rank; and/or (ii) as jointly restricting a group of precoders by restricting a certain
component that those precoders have in common.

[0142] Those skilled in the art will appreciate that the device-side embodiments include decoding of any of the network-
side embodiments illustrated with reference to Figure 5. So, for example, the device 14 in some embodiments decodes
the signaling as jointly restricting a group of precoders that have a certain beam precoder in common, by restricting that
beam precoder. And one or more device-side embodiments likewise advantageously exploit a codebook’s Kronecker
structure to decode the signaling of Figure 10 in terms of indices k, /, and/or m. In some embodiments, for example, the
signaling is decoding as jointly restricting, e.g., with a single bit, a group of precoders that either (i) have the same value
of index k; (ii) have the same value of index /; or (iii) have the same pair of values for indices (k, /).

[0143] With the above modifications and variations in mind, Figure 11 illustrates additional details of the network node
500 (corresponding to network node 10) according to one or more embodiments. The network node 500 is configured,
e.g., via functional means or units 540-570, to implement the processing in Figure 2 for signaling to a wireless commu-
nication device 14 which precoders in a codebook are restricted from being used. The network node 500 in some
embodiments for example includes a reference configuration identifying means or unit 540 for identifying one or more
reference configurations for each of one or more groups of precoders. The network node 500 in such case further
includes an actual configuration identifying means or unit 550 for identifying an actual configuration for each of the one
or more groups. The network node 500 also includes a signal generating means or unit 560 for generating signaling to
indicate the actual configuration for each of the one or more groups, by generating the signaling as a bit pattern whose
length depends on (i) whether the actual configuration matches one of the one or more reference configurations; and/or
(ii) which reference configuration the actual configuration matches. The network node 500 finally includes a sending
means or unit 570 for sending the generated signaling to the wireless communication device.

[0144] Inatleast some embodiments, the network node 500 comprises one or more processing circuits 510 configured
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to implement this processing, such as by implementing functional means or units 540-570. In one embodiment, for
example, the node’s processing circuit(s) 510 implement functional means or units 540-570 as respective circuits. The
circuits in this regard may comprise circuits dedicated to performing certain functional processing and/or one or more
microprocessors in conjunction with memory 520. In embodiments that employ memory 520, which may comprise one
or several types of memory such as read-only memory (ROM), random-access memory, cache memory, flash memory
devices, optical storage devices, etc., the memory stores program code that, when executed by the one or more for
carrying out one or more microprocessors, carries out the techniques described herein.

[0145] In one or more embodiments, the network node 500 also comprises one or more communication interfaces
530. The one or more communication interfaces 530 include various components (not shown) for sending and receiving
data and control signals. More particularly, the interface(s) 530 include a transmitter that is configured to use known
signal processing techniques, typically according to one or more standards, and is configured to condition a signal for
transmission (e.g., over the air via one or more antennas). Similarly, the interface(s) 530 include a receiver that is
configured to convert signals received (e.g., via the antenna(s)) into digital samples for processing by the one or more
processing circuits 510.

[0146] Figure 12 illustrates additional details of the network node 600 according to one or more embodiments. The
network node 600 is configured, e.g., via functional means or units 640-650, to implement the processing in Figure 5
for signaling to a wireless communication device which precoders in a codebook are restricted from being used. The
network node 600 in some embodiments for example includes a generating means or unit 640 for generating codebook
subset restriction signaling that, for each of one or more groups of precoders, jointly restricts the precoders in the group,
e.g., with a single signaling bit. The network node 600 also includes a sending means or unit 650 for sending the generated
signaling to the wireless communication device.

[0147] Inatleast some embodiments, the network node 600 comprises one or more processing circuits 610 configured
to implement this processing, such as by implementing functional means or units 640-650. In one embodiment, for
example, the node’s processing circuit(s) 610 implement functional means or units 640-650 as respective circuits (similarly
to that described above, e.g., in conjunction with memory 620). In one or more embodiments, the network node 600
also comprises one or more communication interfaces 630.

[0148] Figure 13 illustrates additional details of the wireless communication device 700 (corresponding to wireless
communication device 14) according to one or more embodiments. The device 700 is configured, e.g., via functional
means or units 740-760, to implement the processing in Figure 9 for decoding signaling from a network node indicating
which precoders in a codebook are restricted from being used. The device 700 in some embodiments for example
includes a receiving means or unit 740 for receiving the signaling from the network node. The device 700 further includes
an identifying means or unit 750 configured, for each of one or more groups of precoders, to identify one or more reference
configurations for the group, the bit pattern identified for signaling each reference configuration, and the length of that
bit pattern. The device 700 finally includes a detecting means or unit 760 configured to detect the actual configuration
signaled for the group, by detecting a bit pattern in the received signaling whose length depends on (i) whether the actual
configuration matches one of the one or more reference configurations; and/or (ii) which reference configuration the
actual configuration matches.

[0149] In at least some embodiments, the device 700 comprises one or more processing circuits 710 configured to
implement this processing, such as by implementing functional means or units 740-760. In one embodiment, for example,
the device’s processing circuit(s) 710 implement functional means or units 740-760 as respective circuits. The circuits
in this regard may comprise circuits dedicated to performing certain functional processing and/or one or more micro-
processors in conjunction with memory 720. In embodiments that employ memory 720, which may comprise one or
several types of memory such as read-only memory (ROM), random-access memory, cache memory, flash memory
devices, optical storage devices, etc., the memory stores program code that, when executed by the one or more for
carrying out one or more microprocessors, carries out the techniques described herein.

[0150] In one or more embodiments, the device 700 also comprises one or more communication interfaces 730. The
one or more communication interfaces 730 include various components (not shown) for sending and receiving data and
control signals. More particularly, the interface(s) 730 include a transmitter that is configured to use known signal process-
ing techniques, typically according to one or more standards, and is configured to condition a signal for transmission
(e.g., over the air via one or more antennas). Similarly, the interface(s) 730 include a receiver that is configured to convert
signals received (e.g., via the antenna(s)) into digital samples for processing by the one or more processing circuits 710.
[0151] Figure 14 illustrates additional details of the device 800 according to one or more other embodiments. The
device 800 is configured, e.g., via functional means or units 840-850, to implement the processing in Figure 10 for
decoding signaling from a network node indicating which precoders in a codebook are restricted from being used. The
device 800 in some embodiments for example includes a receiving means or unit 840 for receiving the signaling from
the network node. The device 800 further includes a decoding means or unit 850 for decoding the signaling as jointly
restricting precoders in each of one or more groups of precoders.

[0152] In at least some embodiments, the device 800 comprises one or more processing circuits 810 configured to
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implement this processing, such as by implementing functional means or units 840-850. In one embodiment, for example,
the device’s processing circuit(s) 810 implement functional means or units 840-850 as respective circuits (similarly to
that described above, e.g., in conjunction with memory 820). In one or more embodiments, the device 800 also comprises
one or more communication interfaces 830.

[0153] Those skilled in the art will also appreciate that embodiments herein further include corresponding computer
programs.

[0154] A computer program comprises instructions which, when executed on at least one processor of the network
node or the wireless communication device, cause node or device to carry out any of the respective processing described
above. Embodiments further include a carrier containing such a computer program. This carrier may comprise one of
an electronic signal, optical signal, radio signal, or computer readable storage medium.

[0155] A computer program in this regard may comprise one or more code modules corresponding to the means or
units described above.

Claims

1. Amethodimplemented by a network node (10) for signaling to a wireless communication device (14) which precoders
in a codebook are restricted from being used, the method comprising:

generating (210) codebook subset restriction signaling that, for each of one or more groups of precoders, jointly
restricts the precoders in the group by restricting a certain component that the precoders in the group have in
common;

sending (220) the generated signaling from the network node (10) to the wireless communication device (14)
the method characterized in that

the precoders are Kronecker product based precoders defined for a multi-dimensional antenna array; and

the signaling is rank-agnostic so as to restrict precoders irrespective of their transmission rank.

2. The method of claim 1, wherein the certain component comprises a beam precoder wherein the beam precoder is
a beamforming vector.

3. The method of claim 2, wherein the beam precoder is based on a Kronecker product of

. 2mk omie(Mp-1)17 ) ) ) )
XIIgI =11 &’Mnen ... &/ Mpan ] ) k=0,.,M,Qp -1, where Q, is an integer horizontal oversampling factor
. . . . . 2ml 2El(Mp—1) T .
and My, is an horizontal dimension, and X%, = [1 Mty ... o) Mpay ] ) 1=0,...M,Q, - 1, where Q, is an

integer vertical oversampling factor and M, is an integer vertical dimension

4. A method implemented by a wireless communication device (14) for decoding signaling from a network node (10)
indicating which precoders in a codebook are restricted from being used, the method comprising:

receiving (400) codebook subset restriction signaling that, for each of one or more groups of precoders, jointly
restricts the precoders in the group by restricting a certain component that the precoders in the group have in
common;

decoding (410) the received signaling as jointly restricting precoders in each of the one or more groups of
precoders the method characterized in that,

the precoders are Kronecker product based precoders defined for a multi-dimensional antenna array; and

the signaling is rank-agnostic so as to restrict precoders irrespective of their transmission rank.

5. The method of claim 4, wherein the certain component comprises a beam precoder wherein the beam precoder is
a beamforming vector.

6. The method of any of claims 5, wherein the beam precoder is a Kronecker product of different beamforming vectors
associated with different dimensions of a multi-dimensional antenna array.

7. The method of any of claims 5-6 wherein the beam precoder is based on a Kronecker product of
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. 2mk 2mk(Mp—1) T ) ) ) )
XI]fI =1 '™ ... &7 Mpan ] ) k=0,.,M,Qy - 1, where Q is an integer horizontal oversampling factor
) ) ) . . 2ml 2l (Mp—1) T )
and M,, is an horizontal dimension, and X%, = |1 elM,,Q,, e] My00p ] ) /=0,.,M,.Q,-1, where Q,is an

integer vertical oversampling factor and M,, is an integer vertical dimension

A network node (10, 600) for signaling to a wireless communication device (14, 800) which precoders in a codebook
are restricted from being used, the network node (10, 600) configured to:

generate codebook subset restriction signaling that, for each of one or more groups of precoders, jointly restricts
the precoders in the group by restricting a certain component that the precoders in the group have in common;
send the generated signaling from the network node (10, 600) to the wireless communication device (14, 800)
characterized in that

the precoders are Kronecker product based precoders defined for a multi-dimensional antenna array; and
the signaling is rank-agnostic so as to restrict precoders irrespective of their transmission rank.

The network node of claim 8, wherein the certain component comprises a beam precoder wherein the beam precoder
is a beamforming vector.

The network node of claim 9, wherein the beam precoder is based on a Kronecker product of

. 2wk 2k(Mp—1) T ) ) ) )
XI]fI =1 ’Men ... &7 M0, ] ) k=0, ..,M,Q -1, where Q, is an integer horizontal oversampling factor
. . . . . 2wl 2Rl (Mp—1) T .
and M, is an horizontal dimension, and X%, = [1 /My ... ' Mow ] ) I=0,.,MQ,-1, where Q,is an

integer vertical oversampling factor and M,, is an integer vertical dimension

A wireless communication device (14, 800) for decoding signaling from a network node (10, 600) indicating which
precoders in a codebook are restricted from being used, the wireless communication device (14, 800) configured to:

receive codebook subset restriction signaling that, for each of one or more groups of precoders, jointly restricts
the precoders in the group by restricting a certain component that the precoders in the group have in common;
decode the received signaling as jointly restricting precoders in each of the one or more groups of precoders,
characterized in that,

the precoders are Kronecker product based precoders defined for a multi-dimensional antenna array; and
the signaling is rank-agnostic so as to restrict precoders irrespective of their transmission rank.

The wireless communication device of claim 11, wherein the certain component comprises a beam precoder wherein
the beam precoder is a beamforming vector.

The wireless communication device of claim 12, wherein the beam precoder is a Kronecker product of different
beamforming vectors associated with different dimensions of a multi-dimensional antenna array.

The wireless communication device of claim 13, wherein the different beamforming vectors comprise Discrete Fourier
Transform (DFT) vectors.

The wireless communication device of any of claims 12-14, wherein the beam precoder is based on a Kronecker

. 27k 2rk(My—1) T
productofXIIfI =1 e]Mth e @’ MpQn ] kI=0, ..,M,Qp-1, where Q,is aninteger horizontal oversampling
. i . . . 2xl 2nl(Mp—1) T
factor and M,, is an horizontal dimension, and X%, =11 /Moy ... ' Muop ] , 1=0,.. MQ,-1, where Q,

is an integer vertical oversampling factor and M, is an integer vertical dimension
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The wireless communication device of any of claims 12-15, wherein the beam precoder is a beamforming vector
used to transmit on a particular layer of a multi-layer transmission, wherein different scaled versions of that beam-
forming vector are transmitted on different polarizations.

The wireless communication device of any of claims 12-15, wherein the beam precoder is a beamforming vector
used to transmit on:

multiple different layers of a multi-layer transmission; or
multiple different layers of a multi-layer transmission, wherein the layers are sent on orthogonal polarizations; or
a particular layer and on a particular polarization.

The wireless communication device of any of claims 12, 13, 14, 16 or 17, wherein the beam precoder is a Kronecker
product of first and second beamforming vectors with first and second indices, wherein the first and second beam-
forming vectors are associated with different dimensions of a multi-dimensional antenna array, and wherein the
codebook subset restriction signaling jointly restricts the precoders in a group of precoders that have the same pair
of values for the first and second indices as those indicated by said codebook subset restriction signaling.

The wireless communication device of any of claims 11-18, wherein the wireless device (14) is further configured
to send a channel state information report to the network (10) based on the received codebook subset restriction
signaling.

The wireless communication device of any of claims 11-19, wherein the codebook subset restriction signaling
comprises a bitmap, with different bits in the bitmap respectively dedicated to indicating whether or not different

beam precoders are restricted from being used.

The wireless communication device of any of claims 12-20, wherein a precoder comprising one or more beam
precoders is restricted if at least one of its one or more beam precoders is restricted.

The wireless communication device of any of claims 12-21, wherein the wireless communication device is a user
equipment.

A computer program comprising instructions which, when executed by at least one processor of a node (10, 14),
causes the node (10, 14) to carry out the method of any of claims 1-7.

A computer readable storage medium containing the computer program of claim 23.

Patentanspriiche

1.

2,

3.

Durch einen Netzknoten (10) implementiertes Verfahren zum Signalisieren an eine drahtlose Kommunikationsvor-
richtung (14), welche Vorcodierer in einem Codebuch von der Verwendung ausgeschlossen sind, wobei das Ver-
fahren Folgendes umfasst:

Erzeugen (210) von Codebuch-Teilmengenbeschrankungssignalisierung, die fiir jede von einer oder mehreren
Gruppen von Vorcodierern die Vorcodierer in der Gruppe gemeinsam durch Einschranken einer bestimmten
Komponente, die die Vorcodierer in der Gruppe gemeinsam haben, einschrankt; und

Senden (220) der erzeugten Signalisierung von dem Netzknoten (10) an die drahtlose Kommunikationsvorrich-
tung (14),

wobei das Verfahren dadurch gekennzeichnet ist, dass die Vorcodierer auf dem Kronecker-Produkt basie-
rende Vorcodierer sind, die fir ein mehrdimensionales Antennenarray definiert sind; und

die Signalisierung rang-agnostisch ist, um Vorcodierer unabhéngig von ihrem Ubertragungsrang einzuschran-
ken.

Verfahren nach Anspruch 1, wobei die bestimmte Komponente einen Strahlvorcodierer umfasst, wobei der Strahl-
vorcodierer ein Strahlformungsvektor ist.

Verfahren nach Anspruch 2, wobei der Strahlvorcodierer auf einem Kronecker-Produkt aus
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X}

[ . 2mk 2mk(Mp—1)

T
1 EJMth el MpQp ] ,k =0, ...,Mth -1

14

worin Qy, ein ganzzahliger horizontaler Uberabtastfaktor und M, eine horizontale Dimension ist, und

. 27l 2rl(Mp—1)

T
Xy = [1 e’ My .. o' Myay ] A=0,.,M,0,—1

basiert, worin Q,, ein ganzzahliger vertikaler Uberabtastfaktor und M, eine ganzzahlige vertikale Dimension ist.

Verfahren, das durch eine drahtlose Kommunikationsvorrichtung (14) zum Decodieren von Signalisierung von einem
Netzknoten (10) implementiert wird, die angibt, welche Vorcodierer in einem Codebuch von der Verwendung aus-
geschlossen sind, wobei das Verfahren Folgendes umfasst:

Empfangen (400) von Codebuch-Teilmengenbeschrankungssignalisierung, die fiirjede von eineroder mehreren
Gruppen von Vorcodierern die Vorcodierer in der Gruppe gemeinsam durch Einschranken einer bestimmten
Komponente, die die Vorcodierer in der Gruppe gemeinsam haben, einschrankt; und

Decodieren (410) der empfangenen Signalisierung als gemeinsames Einschranken von Vorcodierern in jeder
der einen oder mehreren Gruppen von Vorcodierern,

wobei das Verfahren dadurch gekennzeichnet ist, dass die Vorcodierer auf dem Kronecker-Produkt basie-
rende Vorcodierer sind, die fir ein mehrdimensionales Antennenarray definiert sind; und

die Signalisierung rang-agnostisch ist, um Vorcodierer unabhéngig von ihrem Ubertragungsrang einzuschran-
ken.

Verfahren nach Anspruch 4, wobei die bestimmte Komponente einen Strahlvorcodierer umfasst, wobei der Strahl-
vorcodierer ein Strahlformungsvektor ist.

Verfahren nach Anspruch 5, wobei der Strahlvorcodierer ein Kronecker-Produkt aus verschiedenen Strahlformungs-
vektoren ist, die verschiedenen Dimensionen eines mehrdimensionalen Antennenarrays zugeordnet sind.

Verfahren nach einem der Anspriiche 5 bis 6, wobei der Strahlvorcodierer auf einem Kronecker-Produkt aus

. 2mk 2mk(Mp—1)
)¢ [

T
] J
1 e Mpln -.. g MpQn :| ’ k= 0, R Mth -1

14

worin Qy, ein ganzzahliger horizontaler Uberabtastfaktor und M, eine horizontale Dimension ist, und

T
X, =|1 e'Mmar ... o/ Moy ] A=0,..,M,0,—1

[ . 2ml 2wl (Mp—1)

basiert, worin Q, ein ganzzahliger vertikaler Uberabtastfaktor und M, eine ganzzahlige vertikale Dimension ist.

Netzknoten (10, 600) zum Signalisieren an eine drahtlose Kommunikationsvorrichtung (14, 800), welche Vorcodierer
in einem Codebuch von der Verwendung ausgeschlossen sind, wobei der Netzknoten (10, 600) fir Folgendes
konfiguriert ist:

Erzeugen von Codebuch-Teilmengenbeschréankungssignalisierung, die fiir jede von einer oder mehreren Grup-
pen von Vorcodierern die Vorcodierer in der Gruppe gemeinsam durch Einschrénken einer bestimmten Kom-
ponente, die die Vorcodierer in der Gruppe gemeinsam haben, einschrankt; und

Senden der erzeugten Signalisierung von dem Netzknoten (10, 600) an die drahtlose Kommunikationsvorrich-
tung (14, 800), dadurch gekennzeichnet, dass

die Vorcodierer auf dem Kronecker-Produkt basierende Vorcodierer sind, die fiir ein mehrdimensionales An-
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tennenarray definiert sind; und
die Signalisierung rang-agnostisch ist, um Vorcodierer unabhéngig von ihrem Ubertragungsrang einzuschran-

ken.

Netzknoten nach Anspruch 8, wobei die bestimmte Komponente einen Strahlvorcodierer umfasst, wobei der Strahl-
vorcodierer ein Strahlformungsvektor ist.

Netzknoten nach Anspruch 9, wobei der Strahlvorcodierer auf einem Kronecker-Produkt von

. 2mk 2mk(Mp—1)
X5 = [

T
1 M ... ¢’ Mpon ] k=0,.., M0, —1
basiert, worin Q, ein ganzzahliger horizontaler Uberabtastfaktor ist und M,, eine horizontale Dimension ist, und

T
1 e]MUQU o @l MyQy ] ,l=0,...,M17Q1;_1

14

Xy

[ . 2ml 2wl (Myp—1)

worin Q, ein ganzzahliger vertikaler Uberabtastfaktor ist und M, eine ganzzahlige vertikale Dimension ist

Drahtlose Kommunikationsvorrichtung (14, 800) zum Decodieren von Signalisierung von einem Netzknoten (10,
600), die angibt, welche Vorcodierer in einem Codebuch von der Verwendung ausgeschlossen sind, wobei die
drahtlose Kommunikationsvorrichtung (14, 800) fiir Folgendes konfiguriert ist:

Empfangen von Codebuch-Teilmengenbeschrankungssignalisierung, die fiir jede von einer oder mehreren
Gruppen von Vorcodierern die Vorcodierer in der Gruppe gemeinsam durch Einschranken einer bestimmten
Komponente, die die Vorcodierer in der Gruppe gemeinsam haben, einschrankt; und

Decodieren der empfangenen Signalisierung als gemeinsames Einschréanken von Vorcodierern in jeder der
einen oder mehreren Gruppen von Vorcodierern,

dadurch gekennzeichnet, dass

die Vorcodierer auf dem Kronecker-Produkt basierende Vorcodierer sind, die fiir ein mehrdimensionales An-
tennenarray definiert sind; und

die Signalisierung rang-agnostisch ist, um Vorcodierer unabhangig von ihrem Ubertragungsrang einzuschran-
ken.

Drahtlose Kommunikationsvorrichtung nach Anspruch 11, wobei die bestimmte Komponente einen Strahlvorcodierer
umfasst, wobei der Strahlvorcodierer ein Strahlformungsvektor ist.

Drahtlose Kommunikationsvorrichtung nach Anspruch 12, wobei der Strahlvorcodierer ein Kronecker-Produkt aus
verschiedenen Strahlformungsvektoren ist, die verschiedenen Dimensionen eines mehrdimensionalen Antennen-

arrays zugeordnet sind.

Drahtlose Kommunikationsvorrichtung nach Anspruch 13, wobei die verschiedenen Strahlformungsvektoren sepa-
rate Fourier-Transformations-Vektoren, DFT-Vektoren, umfassen.

Drahtlose Kommunikationsvorrichtung nach einem der Anspriiche 12 bis 14, wobei der Strahlvorcodierer auf einem
Kronecker-Produkt aus

i 2nk 2mk(Mp—1) T
XE =11 e Ml ... e’ Mnln k=0, .., MpQn—1

worin Qj, ein ganzzahliger horizontaler Uberabtastfaktor und M,, eine horizontale Dimension ist, und
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. 2ml 2wl(Myp—1) T

X%/ = e]Mva e] MyQy , =0, ---;MVQTI_]‘

basiert, worin Q, ein ganzzahliger vertikaler Uberabtastfaktor und M, eine ganzzahlige vertikale Dimension ist.

Drahtlose Kommunikationsvorrichtung nach einem der Anspriiche 12 bis 15, wobei der Strahlvorcodierer ein Strahl-
formungsvektor ist, der zum Ubertragen auf einer bestimmten Schicht einer mehrschichtigen Ubertragung verwendet
wird, wobei verschiedene skalierte Versionen dieses Strahlformungsvektors auf verschiedenen Polarisationen tiber-
tragen werden.

Drahtlose Kommunikationsvorrichtung nach einem der Anspriiche 12 bis 15, wobei der Strahlvorcodierer ein Strahl-
formungsvektor ist, der zum Ubertragen auf Folgendes verwendet wird:

mehreren verschiedenen Schichten einer mehrschichtigen Ubertragung; oder

mehreren verschiedenen Schichten einer mehrschichtigen Ubertragung, wobei die Schichten auf orthogonalen
Polarisationen gesendet werden; oder

einer bestimmte Schicht und auf einer bestimmten Polarisation.

Drahtlose Kommunikationsvorrichtung nach einem der Anspriiche 12,13, 14, 16 oder 17, wobei der Strahlvorcodierer
ein Kronecker-Produkt aus ersten und zweiten Strahlformungsvektoren mit ersten und zweiten Indizes ist, wobei
die ersten und zweiten Strahlformungsvektoren verschiedenen Dimensionen eines mehrdimensionalen Antennen-
arrays zugeordnet sind, und wobei die Codebuch-Teilmengenbeschrankungssignalisierung die Vorcodierer in einer
Gruppe von Vorcodierern gemeinsam einschrankt, die das gleiche Wertepaar fiir den ersten und zweiten Index
aufweisen wie die durch die Codebuch-Teilmengenbeschréankungssignalisierung angegebenen.

Drahtlose Kommunikationsvorrichtung nach einem der Anspriiche 11 bis 18, wobei die drahtlose Vorrichtung (14)
ferner konfiguriert ist, um einen Informationsbericht zum Kanalzustand an das Netz (10) basierend auf der empfan-
genen Codebuch-Teilmengenbeschrankungssignalisierung zu senden.

Drahtlose Kommunikationsvorrichtung nach einem der Anspriiche 11 bis 19, wobei die Codebuch-Teilmengenbe-
schrankungssignalisierung eine Bitmap umfasst, wobei unterschiedliche Bits in der Bitmap jeweils dafiir vorgesehen
sind, anzugeben, ob unterschiedliche Strahlvorcodierer von der Verwendung ausgeschlossen sind oder nicht.

Drahtlose Kommunikationsvorrichtung nach einem der Anspriiche 12 bis 20, wobei ein Vorcodierer, der einen oder
mehrere Strahlvorcodierer umfasst, eingeschrankt ist, wenn mindestens einer seiner einen oder mehreren Strahl-
vorcodierer eingeschrankt ist.

Drahtlose Kommunikationsvorrichtung nach einem der Anspriiche 12 bis 21, wobei die drahtlose Kommunikations-
vorrichtung eine Benutzereinrichtung ist.

Computerprogramm, das Anweisungen umfasst, die, wenn sie durch mindestens einen Prozessor eines Knotens
(10, 14) ausgefiihrt werden, den Knoten (10, 14) veranlassen, das Verfahren nach einem der Anspriche 1 bis 7
auszufihren.

24. Computerlesbares Speichermedium, das das Computerprogramm nach Anspruch 23 enthalt.

Revendications

1.

Procédé implémenté par un noeud de réseau (10) pour signaler a un dispositif de communication sans fil (14) quels
précodeurs dans un livre de codes sont d’utilisation limitée, le procédé comprenant :

la génération (210) d’'une signalisation de limitation de sous-ensemble de livre de codes qui, pour chacun parmi
le ou les groupes de précodeurs, limite conjointement les précodeurs dans le groupe en limitant un certain
composant que les précodeurs dans le groupe ont en commun ; et

'envoi (220) de la signalisation générée depuis le noeud de réseau (10) vers le dispositif de communication
sans fil (14),
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le procédé caractérisé en ce que

les précodeurs sont des précodeurs basés sur un produit Kronecker définis pour un réseau d’antennes
multidimensionnel ; et

la signalisation est agnostique au rang de fagon a limiter les précodeurs indépendamment de leur rang de
transmission.

Procédé selon la revendication 1, dans lequel le certain composant comprend un précodeur de faisceau, dans
lequel le précodeur de faisceau est un vecteur de formation de faisceau.

Procédé selon la revendication 2, dans lequel le précodeur de faisceau est basé sur un produit Kronecker de

X}

[ j_2mk 2rk(Mp 1)

T
1 ethQh el MpQn ] k=0,...,MpQr—1

14

ou Qy, est un facteur de suréchantillonnage horizontal entier et M, est une dimension horizontale, et

Xy

[ . 27l 2ml(My—1)

T
1 e]MyQy e] MyQy ] ,l=0,...,Mqu_1

14

ou Q, est un facteur de suréchantillonnage vertical entier et M, est une dimension verticale entiere.

Procédé implémenté par un dispositif de communication sans fil (14) pour décoder une signalisation provenant d’un
noeud de réseau (10) indiquant quels précodeurs dans un livre de codes sont d'utilisation limitée, le procédé
comprenant :

la réception (400) d’'une signalisation de limitation de sous-ensemble de livre de codes qui, pour chacun parmi
le ou les groupes de précodeurs, limite conjointement les précodeurs dans le groupe en limitant un certain
composant que les précodeurs dans le groupe ont en commun ; et

le décodage (410) de la signalisation regue en tant que précodeurs conjointement limitants dans chacun parmi
le ou les groupes de précodeurs,

le procédé caractérisé en ce que

les précodeurs sont des précodeurs basés sur un produit Kronecker définis pour un réseau d’antennes
multidimensionnel ; et

la signalisation est agnostique au rang de fagon a limiter les précodeurs indépendamment de leur rang de
transmission.

Procédé selon la revendication 4, dans lequel le certain composant comprend un précodeur de faisceau, dans
lequel le précodeur de faisceau est un vecteur de formation de faisceau.

Procédé selon la revendication 5, dans lequel le précodeur de faisceau est un produit Kronecker de différents
vecteurs de formation de faisceau associés a différentes dimensions d’un réseau d’antennes multidimensionnel.

Procédé selon 'une quelconque des revendications 5 ou 6 dans lequel le précodeur de faisceau est basé sur un
produit Kronecker de

X5

[ j 27k 2m(Mp—1)

T
1 e’ Mntn ... @ Mpep ] k=0,...,MpQp—1

14

ou Qy, est un facteur de suréchantillonnage horizontal entier et M;, est une dimension horizontale, et

j 2ml jzrrl(My—l) T
= [1 e’ MyQy ... @@ MyQy ] JA=0,...,M,0,—1

14

Xy
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ou Q, est un facteur de suréchantillonnage vertical entier et M, est une dimension verticale entiere.

Noeud de réseau (10, 600) pour signaler a un dispositif de communication sans fil (14, 800) quels précodeurs dans
un livre de codes sont d'utilisation limitée, le noeud de réseau (10, 600) configuré pour :

générer une signalisation de limitation de sous-ensemble de livre de codes qui, pour chacun parmi le ou les
groupes de précodeurs, limite conjointement les précodeurs dans le groupe en limitant un certain composant
que les précodeurs dans le groupe ont en commun ; et

envoyer la signalisation générée depuis le noeud de réseau (10, 600) vers le dispositif de communication sans
fil (14, 800), caractérisé en ce que

les précodeurs sont des précodeurs basés sur un produit Kronecker définis pour un réseau d’antennes
multidimensionnel ; et

la signalisation est agnostique au rang de fagon a limiter les précodeurs indépendamment de leur rang de
transmission.

Noeud de réseau selon la revendication 8, dans lequel le certain composant comprend un précodeur de faisceau,
dans lequel le précodeur de faisceau est un vecteur de formation de faisceau.

Noeud de réseau selon la revendication 9, dans lequel le précodeur de faisceau est basé sur un produit Kronecker de

T
Xk =|1 e’ ... ¢’ HMnoy ] k=0,.., M0y — 1

14

[ . 2mk 2rk(Mp—1)

ou Qy, est un facteur de suréchantillonnage horizontal entier et M;, est une dimension horizontale, et

j 2l jznl(M,,—l) T
= [1 e MyQy ... g’ MyQy ] A=0,.,M,0Q,—1

14

Xy

ou Q, est un facteur de suréchantillonnage vertical entier et M, est une dimension verticale entiere

Dispositif de communication sans fil (14, 800) pour décoder une signalisation provenant d’'un noeud de réseau (10,
600) indiquant quels précodeurs dans un livre de codes sont d'utilisation limitée, le dispositif de communication
sans fil (14, 800) configuré pour :

recevoir une signalisation de limitation de sous-ensemble de livre de codes qui, pour chacun parmi le ou les
groupes de précodeurs, limite conjointement les précodeurs dans le groupe en limitant un certain composant
que les précodeurs dans le groupe ont en commun ; et

décoder la signalisation regue en tant que précodeurs conjointement limitants dans chacun parmi le ou les
groupes de précodeurs,

caractérisé en ce que

les précodeurs sont des précodeurs basés sur un produit Kronecker définis pour un réseau d’antennes
multidimensionnel ; et

la signalisation est agnostique au rang de fagon a limiter les précodeurs indépendamment de leur rang de
transmission.

Dispositif de communication sans fil selon la revendication 11, dans lequel le certain composant comprend un
précodeur de faisceau, dans lequel le précodeur de faisceau est un vecteur de formation de faisceau.

Dispositif de communication sans fil selon la revendication 12, dans lequel le précodeur de faisceau est un produit
Kronecker de différents vecteurs de formation de faisceau associés a différentes dimensions d’un réseau d’antennes

multidimensionnel.

Dispositif de communication sans fil selon la revendication 13, dans lequel les différents vecteurs de formation de
faisceau comprennent des vecteurs de transformée de Fourier discréte, DFT.
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Dispositif de communication sans fil selon I'une quelconque des revendications 12 a 14, dans lequel le précodeur
de faisceau est basé sur un produit Kronecker de

i 27k jznk(Mh—l) T
X5 = [1 e Mnln - @’ MpQn ] k=0, ..., MpQpr — 1

14

ou Qy, est un facteur de suréchantillonnage horizontal entier et M;, est une dimension horizontale, et

Xy

j 2nl jznl(Mv—l) T
— [1 e MpQy .. g7 MyQy ] ‘l = 0;---:M1]QU -1

14

ou Q, est un facteur de suréchantillonnage vertical entier et M, est une dimension verticale entiere

Dispositif de communication sans fil selon I'une quelconque des revendications 12 a 15, dans lequel le précodeur
de faisceau est un vecteur de formation de faisceau utilisé pour transmettre sur une couche particuliére d’une
transmission multicouche, dans lequel différentes versions mises a I’échelle de ce vecteur de formation de faisceau
sont transmises sur des polarisations différentes.

Dispositif de communication sans fil selon I'une quelconque des revendications 12 a 15, dans lequel le précodeur
de faisceau est un vecteur de formation de faisceau utilisé pour transmettre sur :

de multiples couches différentes d’'une transmission multicouche ; ou

de multiples couches différentes d’une transmission multicouche, dans lequel les couches sont envoyées sur
des polarisations orthogonales ; ou

une couche particuliére et sur une polarisation particuliére.

Dispositif de communication sans fil selon 'une quelconque des revendications 12, 13, 14, 16 ou 17, dans lequel
le précodeur de faisceau est un produit Kronecker de premier et deuxieme vecteurs de formation de faisceau avec
des premier et deuxieme indices, dans lequel les premier et deuxiéme vecteurs de formation de faisceau sont
associés a différentes dimensions d’un réseau d’antennes multidimensionnel, et dans lequel la signalisation de
limitation de sous-ensemble de livre de codes limite conjointement les précodeurs dans un groupe de précodeurs
qui ont la méme paire de valeurs pour les premier et deuxiéme indices que celles indiquées par ladite signalisation
de limitation de sous-ensemble de livre de codes.

Dispositif de communication sans fil selon I'une quelconque des revendications 11 a 18, dans lequel le dispositif
sans fil (14) est en outre configuré pour envoyer un rapport d’informations d’état de canal au réseau (10) sur la base
de la signalisation de limitation de sous-ensemble de livre de codes regue.

Dispositif de communication sans fil selon I'une quelconque des revendications 11 a 19, dans lequel la signalisation
de limitation de sous-ensemble de livre de codes comprend une table de bits, avec différents bits dans la table de
bits respectivement dédiés pour indiquer si, oui ou non, différents précodeurs de faisceau sont d’utilisation limitée.
Dispositif de communication sans fil selon 'une quelconque des revendications 12 a 20, dans lequel un précodeur
comprenant un ou plusieurs précodeurs de faisceau est limité si au moins l'un parmi son ou ses précodeurs de

faisceau est limité.

Dispositif de communication sans fil selon I'une quelconque des revendications 12 a 21, dans lequel le dispositif
de communication sans fil est un équipement utilisateur.

Programme informatique comprenant des instructions qui, lorsqu’elles sont exécutées par au moins un processeur
d’'unnoeud (10, 14), aménentle noeud (10, 14) a effectuer le procédé selon 'une quelconque des revendications 1a7.

Support de stockage lisible par ordinateur contenant le programme informatique selon la revendication 23.
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Figure 8
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